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Introduction 40
Whereas previous studies have assessed the development of responses in left and right auditory 41 cortices (Easwar et al., 2017) , the present study sought to identify the cortical networks involved 42 in binaural versus unilateral hearing and asked whether these functional connections remained 43 compromised in children with deafness despite early access to bilateral cochlear implantation. 44
Providing bilateral hearing in children who are profoundly deaf 45
Recommendations to provide bilateral hearing during early life are based on evidence of cross-46 modal reorganization of auditory cortices (Lomber et al., 2010; Sharma et al., 2015) and aural 47 preference which develops in the presence of asymmetric hearing in childhood (Gordon et al., 48 2015) . Bilateral hearing provides the basis for spatial hearing which is needed to detect and 49 discern sounds from all directions (Hawley et al., 2004) and is best promoted in children with 50 congenital deafness by electrical stimulation of both auditory nerves with bilateral cochlear 51 implants (CIs). 52 53 Providing bilateral CIs can be highly effective at promoting age-appropriate speech and language 54 development (Wie, 2010) and cortical representation from both ears (Gordon et al., 2013) . correlation between increased average path length and lower scores on a test of cognitive 85 function in Alzheimer's disease (Stam et al., 2007) . Evoked EEGs are commonly used to assess 86 auditory development (e.g. Polonenko et al., 2017) and cross-modal plasticity (e.g. Doucet et al., 87 2006) . The present study represents one of the few to assess connectivity within the cochlear 88 implant population using EEG. Maglione (Wong et al., 1999) to assess cortical auditory networks in adults with CIs. 93 EEG connectivity has largely been studied in the context of populations with neurological 94 diseases such as Alzheimer's disease (Stam et al., 2007) . Using EEG, independent networks can 95 be resolved at different frequencies reflecting distinct neural processes. Gilley and colleagues 96 (2014) related abnormal neural coupling in the alpha (8 -13 Hz) and beta (13 -30 Hz) ranges to 97 behavioural test outcomes in children with language-learning problems. 98
Cortical evoked potentials are derived predominantly from oscillatory components in the theta (5 99 synchronized alpha oscillations play a direct role in cortical processes involving memory and 108 sensory awareness. 109
Multi-channel EEG provides a method to capture neural activity which can be used to construct 110 functional network models of cortical processes. This is done by computing a metric of coupling 111 between different channels or estimated sources, which are assumed to originate from different 112 cortical locations, and building a model of resulting pairwise connections. Source reconstruction 113 offers several advantages for quantifying EEG connectivity. It allows for an increase in spatial 114 resolution (Michel et al., 2004) and is beneficial for connectivity analysis as it reduces the effect 115 of volume conduction. Finally, parcellation based on an anatomical atlas facilitates the 116 interpretation of results by giving them context. It was shown in Lehmann et al., (2006) that 117 networks calculated at the scalp level had minimal correspondence to a model using LORETA 118 source estimates, however more work is needed in this area. It is possible to investigate these 119 networks in either task-based or resting-state paradigms. While speech stimuli are commonly 120 used to assess language networks, the use of non-meaningful transient stimuli provides an 121 opportunity to assess fundamental cortical mechanisms involved with auditory processing. For 122 example, cortical responses to simple pulsatile cochlear implant stimulation have effectively 123 demonstrated abnormalities in bilateral auditory development in animals models of asymmetric 124 hearing loss (Tillein et al., 2016) as well as in children with asymmetric hearing loss (Polonenko 125 et al., 2017) . 126 127 Methods from graph theory have been successfully applied to functional imaging data to 128 quantify cortical networks (Review: Rubinov and Sporns, 2010) . Coherence is a straightforward frequency-domain measure of correlation between different cortical areas analogous to the use of Pearson's correlation coefficient in fMRI studies (van den Heuvel and Hulshoff Pol, 2010). On 131 the other hand, common volume conducted components in signals can be mistaken for 132 independent sources with strong connectivity. Volume conduction can be mitigated both by 133 beamforming and by looking at a change in coherence from baseline. The former accounts for 134 the conductivity of a template head model which aims to undo the superposition of volume 135 conducted sources in order to provide spatial specificity and the latter, baseline correction, 136 removes effects of volume conduction that are fixed across time and source strength (Schoffelen 137 and Gross, 2009). Imaginary coherence also provides a solution. By ignoring the real-part which 138 has no phase lag, imaginary coherence is insensitive to spurious connections caused by volume 139 conduction (Nolte et al., 2004) , which plays a significant role in EEG data. Imaginary coherence 140 has already been successfully applied in an EEG study of autism (García Domínguez et al., 141 2013) . It should be noted that imaginary coherence systematically underestimates connectivity 142 due to the non-uniqueness of phase and is biased by the absolute phase of the coherence (Stam et 143 al., 2007) . 144
In the present study, we calculated imaginary coherence between cortical source responses to 145 sound to determine functional connectivity measures of EEG in children. We hypothesized that, 146 in children: 1) bilateral hearing normally involves an increase in interhemispheric auditory 147 connectivity; 2) connectivity between left and right auditory cortices is disrupted in children who 148 are profoundly deaf and use bilateral cochlear implants; and 3) bilateral cochlear implants do not 149 eliminate deafness-related development reorganization. 
Methods and Materials

Connectivity Analysis
206
In order to calculate functional connectivity between the 90 cortical regions, the source response 207 in each virtual channel was transformed into its time-frequency representation using the 208 convolution method implemented in FieldTrip (Oostenveld et al., 2011) . The frequency-209 dependent window size was chosen to be equal to two periods and the step size was 20 ms. 210 Subsequently, coherence was calculated pairwise across all the atlas regions and the result was 211 baseline-corrected. Coherence is complex-valued and can thus be decomposed into real and 212 imaginary components. In this study, both the imaginary part and magnitude were taken as 213 metrics of inter-areal functional connectivity. This produced a 2D representation for each metric 214 in the time-frequency plane for each of the 4005 unique connections. The resulting structure is 215 interhemispheric connectivity, connectivity between the 6 temporal parcels in each hemisphere 218 was averaged. 219
To construct network graphs for each subject, edge weights were defined by their coherence in 220 the theta band (5 -8 Hz). Next, peak connectivity was found within the 100 -200 ms window 221 corresponding approximately to the full-width half max of the theta power in the group average 222 spectrograms (not shown). Group average networks were constructed by averaging the z-scored 223 adjacency matrices across subjects. EEG data from an example patient shown in Figure 1 outline 224 key analysis steps: evoked potentials, source activity recovered using the beamformer, atlas 225 parcellation, time-frequency decomposition, and the resulting model of network connectivity in 226 the theta range. 227
Statistical analysis on cortical networks 228
Statistical analysis on network models was performed using the Network-Based Statistics 229 toolbox which allowed for group hypothesis testing while controlling a family-wise error rate of 230 0.05% (Zalesky et al., 2010) . The NBS toolbox proceeds in two major steps to perform statistical 231 tests on connectivity data. First, univariate hypothesis testing is performed across all connections 232 included within a chosen threshold to identify a network to test for significance. Next, a set of 233 5000 networks were generated by permuting the connections in the underlying matrices between 234 groups. A significant network (a set of nodes and their connections) is found when its extent 235 (size) exceeds the null distribution. The framework does not guarantee the statistical significance 236 of individual connections; however, it provides an increase in sensitivity over connection-wise 237 statistical tests for connected networks. 238 super-threshold edges compared to the null distribution, there were two significant group by 283 stimulus interaction networks (F(2, 27) = 6, p = 0.018) and (F(2, 27) = 6, p < 0.001) (networks 284 not shown), suggesting that the effect of stimulus differs between groups. Independent analyses 285 indicated significant group contrast networks in bilateral and left stimulus (one-tailed post-hoc t-286 tests accounting for multiple comparisons; false discovery rate = q < 0.05). There were no 287 significant group network differences in the right stimulus condition but further investigation of 288 each connection under right stimulation (corrected with a false discovery rate = q < 0.025) revealed a single significant connection between the right angular gyrus and right frontal lobe 290 that was stronger in the CI cohort. 291
Bilateral connectivity between auditory cortices is reduced in children using CIs
292
Imaginary coherence between temporal cortices was assessed for each condition in both groups. 293
The time courses of these measures in theta and alpha bands are shown in Figure 4A coherence between the temporal cortices appears to parallel theta coherence, 2-way mixed-297 effects ANOVA revealed no significant differences between groups (F(1,27) = 0.17, p = 0.68), 298
nor group x stimulus interactions (F(2,27) = 2.8, p = 0.068). Furthermore, attention was not 299 measured during this passive listening experiment, so the remaining analyses focus on coherence 300 in the theta band. 301
Peak coherence in the 100-200 ms time window is plotted by stimulus condition in each group in 302 Figure 4B . As shown, peak imaginary coherence was reduced in the children with CIs but only 303 in the bilateral condition (2-way mixed-effects ANOVA: group * stimulus: F(2, 27) = 3.69, p = 304 0.03; Post-hoc Wilcoxon rank-sum test, p < 0.05). The difference in imaginary coherence 305 between the bilateral and averaged unilateral condition in each group are shown in Figure 4C . 306
Increased imaginary coherence, representing binaural facilitation was found in children with 307 normal hearing but decreased coherence was found in the bilateral CI group. Significant 308 differences in binaural facilitation of connectivity between normal hearing and implant users 309 were identified at 0 -100 ms and 260 -280 ms (Wilcoxon rank-sum test at each time point, p = 310 0.05, FDR corrected using the Benjamini-Hochberg Procedure (Thissen et al., 2016) ). 
Audition is normally supported by connectivity between bilateral temporal cortices 334
In this study, electrophysiological responses were recorded from children with normal hearing 335 and bilateral implants in response to transient auditory pulse/click trains. By calculating the connectivity between source-resolved anatomical areas, it was possible to determine which 337 regions were synchronously engaged in response to auditory input. Averaged connectivity shown 338 in Figure 2 revealed peak coherence at early response latencies with less coherence thereafter. 339
The timing of the coherence is in line with early obligatory cortical responses, reflecting auditory 340 detection during passive listening with little higher order auditory processing. As shown in 341 lobes, suggesting increased visual processing during auditory stimulation. This could be attributed to residual effects of cross-modal reorganization (Lee et al., 2001; Stropahl et al., 2017) and/or an adaptive strategy that leverages visual processing to support listening (Lomber 429 et al., 2010; Barone et al., 2016) . Chen and colleagues (2017) also showed increased functional 430 connectivity between the auditory and visual systems in individuals who receive cochlear 431 implants in adulthood. 432
In addition to visual involvement, there have been reports of modulated connectivity between the 433 auditory system and networks that are not modality specific in deaf individuals. Prefrontal areas 434 are involved in a wide array of auditory processing tasks ranging from detection to language 435 processing and receive projections from both lower and higher-order auditory areas (Plakke and 436 Romanski, 2014) . Furthermore, using positron-emission tomography, Giraud and Lee (2014) 437 demonstrated that activation of a prefrontal network implicated in higher-order attentional and 438 working memory processes was predictive of better speech perception in bilateral implant users. 439
Using resting-state fMRI, Ding and colleagues (2016) reported that the salience network, 440 involving the lateral frontal nodes proximal to the dorsal anterior cingulate cortex and the 441 anterior insula, had increased connectivity with the superior temporal gyrus in CI users. While 442 the authors focused on the benefit this provided for working memory, these changes may more 443 broadly serve to compensate for auditory deficits by directing attention where needed. 444
The cohort of children using cochlear implants also showed deficits in a focused network 445 involving interhemispheric connections between the left temporal cortex and right cingulate 446 cortex ( Figure 5 ). Connections between the posterior cingulate cortex and the superior temporal 447 gyrus have been discovered using PET imaging (Naito et al., 2000) , although their function is 
